We present an original voltage probe design for measuring the electric potential distribution at the mesoscopic scale (i.e., 1 mm-1 cm) in antistatic felts. The felts are composed of a mixture of non-conductive and metallic fibers and exhibit complex non-linear electric behaviourincluding possibly non-linearity and hysteresis effects-which may be due to localized electrical or electromechanical phenomena. The sensor consists of an array of 8  9 needle electrodes (160 µm at the shaft and less than 50 µm toward the apex), which are mechanically maintained at fixed relative positions while their tips are inserted inside the fabric of the sample. The interelectrode distance is 1.5 mm and the overall active area is 12  12 mm². The electrical insulation resistance for nearest neighbour pairs of electrodes was found to be larger than 860 Gthus making the sensor suitable for measuring antistatic felts with an electric resistance that typically does not exceed a few GThe sensor was successfully used for measuring the distribution of the electric potential in a polyester fabric subjected to voltages of up to 6.2 kV, and in a sample containing 2% in weight of metallic fibers, demonstrating the presence of irreversible changes in that felt sample (i.e., with conductive fibers) at high voltages. It is concluded that the developed probe voltage is a promising technique that could be used for the assessment of the conduction mechanisms in the antistatic materials at the mesoscopic scale.
Electrical circuit
The measuring circuit is shown in figure 6 . The electrical potentials of each of the 8  9 probes are recorded individually while the sample is connected to a voltage source of several kV, obtained by applying the DC voltage supply of an electrometer Keithley 6517B to a TREK power amplifier (model 20/20A). The DC voltage applied to the sample is denoted U x . The resistor 30 M is placed in series with the source to protect the high-voltage generator. A low current Keithley 6522 scanner board is used to automatically record the electric potentials of 9 electrodes in a given column; the scan speed is 1.5 channels s -1 . The next column of 9 electrodes is then connected mechanically to the scanner board for the following measuring sequence and the process is repeated until all columns are recorded. The scanner is connected only to 9 electrode probes during the same experiment, and the remaining 63 electrode probes are not connected to the scanner. Besides, a set of voltage dividers made with precision resistances (200 G-20 M) allows the signal to be attenuated by a factor of 10 4 in order to respect the input voltage rating of the input scanner board. The voltage dividers allow not only the application of higher voltages, but also increase the input resistance to about 200 G which is clearly higher than the value of the input impedance of the scanner 6522 (a few GThe loading error caused by the input resistance of the voltage divider is then 6% for a source resistance of 12 G and decreases with decreasing source resistance.
In addition, current-voltage (I-V) curves were recorded by connecting the considered felt sample to the voltage source of the electrometer Keithley 6517B. The voltage between the electrodes of the considered felt sample can be then swept between 5 and 1000 V. The current is measured by the ammeter of the same electrometer Keithley 6517B. A 1 MΩ protection resistor is placed in series with the felt sample. The electrometer and the scanner are controlled using a GPIB USB-HS board connected to a personal computer running NI LabVIEW ® . All measurements are carried out in a shielded climate chamber. The relative humidity and the temperature are monitored with sensors positioned in the close vicinity of the felt sample.
Results and discussion
In order to test and validate the developed voltage probe for determining the electric potential distribution at the mesoscopic scale, the two felt samples A and B described in Sec. 2 are considered.
In the following experiments, electric potential mappings are carried out at several applied voltages.
For all samples, the overall measurement time at every applied voltage U x is less than 20 min; the dwell time between measurements is 1 s; the dwell time between two consecutive columns is less than time allowed before taking the first measurement point is 10 s. In the measurements of electric potential distribution described below, the voltage was ramped up to the maximum voltage U max and then decreased to 0. In each experiment, the samples are conditioned during 24 hours at a relative humidity of 45%-46% and at a temperature of 21 °C-22 °C. In view of clarity, data are normalized by dividing the measured potential values by the applied DC voltage U x .
In addition to measurements performed with the electrode array sensor, I-V curves were taken on samples from the felt material containing conductive fibers (sample B) for several cycles of applied voltage.
Felt sample without conductive fibers
The experiment is first carried out on sample A containing polyester fibers only. Its length, width, and thickness are 25 mm, 30 mm, and 2 mm, respectively. 
Felt sample containing conductive fibers
A similar measurement is now carried out on the felt sample containing both polyester fibers and stainless steel fibers at 2% weight (sample B). Its length, width, and thickness are 20 mm, 20 mm, and 2 mm, respectively. The applied voltage U x is varied in two sweeps, first from 45 V to 2.3 kV and then back from 2.3 kV to 45 V. The results are shown in figure 8.
During the increasing voltage sweep, it can be observed that the measured potential distribution becomes more and more irregular with increasing applied voltage U x . While the voltage distribution is almost linear for U x = 45 V, several electric potential peaks appear for higher values of U x . Note that such peaks cannot be observed for the metal-free material (sample A). These peaks are thus likely to be caused by electrical discharges caused by the stainless steel fibers. As the applied voltage is decreased, the peaks disappear, which gives rise to a voltage distribution which is generally smoother than for increasing voltages. This result gives evidence that the activity of electrical discharges between fibers is somewhat reduced after the material has experienced a large electric field.
In order to investigate the difference between the potential distribution recorded during the raising sweep (U x = 45 V to 2.3 kV) and that recorded during the decreasing sweep (U x = 1.9 KV to 45 V), we compare the potential distribution along the line x = 4.5 mm for an applied voltage of 45 V in two different situations: (a) for a virgin sample which has never been subjected to a higher voltage, and (b)
for a sample which has previously been subjected to a sweep of voltages raising up to 2.3 kV. The results are shown in figure 9 and compared with what would be expected in a perfectly ohmic sample, i.e., to a linear distribution between the two silver painted electrodes (and therefore a linear distribution between 9 V and 36 V in the area covered by the microprobe, or 60% of the total voltage).
It can be observed that the measured distributions in both raising and decreasing sweeps are close to this linear distribution except for the presence of a peak at x = 4.5 mm, y = 12 mm. This peak is likely due to an electrical contact between the electrode probe and a conductive fiber. As the peak potential is equal to U x , we can deduce that this conductive fiber is in electrical contact with the high voltage electrode. One possible explanation of this behaviour is that the large electric field in such soft felt material has produced some mechanical displacement of the stainless steel fibers. The observation that both voltage distributions at 45V are very similar to each other points to the fact that the characterization of voltage distribution on such felt samples should be carried out preferentially at high voltages, as can be allowed by the probe described in the present paper. continuously; the descending branch is always found to lie below the ascending one. In cycle 2, the I-V curve exhibits almost the same behaviour as in cycle 1 except the sharp current rise that disappeared. These I-V characteristics are likely to be due to the electrical discharges that occurred between the conductive fibers. Such a measurement reveals an irreversible behaviour above the threshold voltage whereas the rest of the curve appears to be reproducible from cycle to cycle. In addition, the occurrence of these irreversible changes in samples of felt B generally depends on their size and on the orientation of their conductive fibers.
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